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Abstract
This work uses the QCD Sum Rules to study the masses of the DsD¯
∗
s and D
∗
sD¯
∗
s
molecular states with quantum numbers JPC = 1+−. Interpolating currents with
definite C-parity are employed, and the contributions up to dimension eight in the Op-
erator Product Expansion (OPE) are taken into account. The results indicate that two
hidden strange charmonium-like states may exist in the energy ranges of 3.83 ∼ 4.13
GeV and 4.22 ∼ 4.54 GeV, respectively. The hidden strange charmonium-like states
predicted in this work may be accessible in future experiments, e.g. BESIII, BelleII and
SuperB. Possible decay modes, which may be useful in further research, are predicted.
PACS numbers: 11.55.Hx, 12.38.Lg, 12.39.Mk
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1 Introduction
Recently, the BESIII Collaboration claimed that four charged charmonium-like reso-
nances [1] were observed in the invariance mass spectra of (DD¯∗)±, J/ψπ±, hcπ
± and
(D∗D¯∗)±, which were respectively referred as Zc(3885), Zc(3900), Zc(4020) and Zc(4025).
∗qiaocf@ucas.ac.cn
†tangl@ucas.ac.cn
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Among them, the Zc(3900) has been confirmed by the Belle Collaboration [2] and the CLEO-
c experiment [3]. So far it is still early to tell whether Zc(3885) and Zc(3900), as well Zc(4020)
and Zc(4025), are the same state or not. Moreover, in very recently, the Zc(4430), which
was first observed by Belle Collaboration [4], is confirmed in LHCb experiment with about
13.9 σ of significance [5]. The charmonium-like resonances are of particular interest as they
facilitate not only investigating the dynamics of interaction between light quarks and heavy
quarks, but also the testing of the standard model itself. Until now, their inner structures
have not been well determined by theory. In the literature possible interpretations include
molecular states [6, 7, 8, 9, 10, 11], tetraquark states [12, 13, 14, 15, 16], and enhancement
structures [17, 18], etc.
In Refs.[15, 16], Zc(4430) was treated as a pure tetraquark state, since there is no open
charm meson thresholds close to it. It is tempting to think this state to be a radial excitation
of the Zc(3900), which was analyzed in the framework of QCD Sum Rules [19]. Of the hidden
strange charmonium-like states, the CDF Collaboration observed a narrow structure Y (4140)
near the J/ψ φ threshold in the exclusive B+ → J/ψ φK+ decay mode produced in the p¯p
collision at
√
s = 1.96TeV [20, 21]. A scalar molecular state constructed by D∗sD¯
∗
s with
JPC = 0++ was proposed to interpret the Y (4140) [22, 23, 24] soon after its observation,
and the extracted mass coincided with the experimental data.
Utilizing the QCD Sum Rules, people have successfully estimated the mass of Zc(3900)
and Zc(4025) with DD¯
∗ and D∗D¯∗ currents respectively [6, 11]. These successes intrigue
enormous interests of theorists. It is of great interest to note that these states indicate
that a new class of hadrons has been observed, but without the strange flavor until now.
Namely, two resonances are expected to exist near the thresholds of DsD¯
∗
s and D
∗
sD¯
∗
s with
the quantum numbers JPC = 1+−. In this work, we calculate their mass spectra with QCD
Sum Rules, discuss the implications of our results and suggest their possible decay channels
in the summary. We hope this work may be helpful to experiment in exploring the hidden
strange charmonium-like states.
Primary formulae are presented after the introduction. In Sec.III, the numerical results
and related figures are shown. The last section is a short summary.
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2 Formalism
This work considers DsD¯
∗
s and D
∗
sD¯
∗
s molecular states with J
PC = 1+− via QCD Sum
Rules [25, 26, 27, 28]. The calculations of the QCD Sum Rules are based on the correlator
constructed by two hadronic currents. For an axial vector state, the two-point correlation
function is given by:
Πµν(q) = i
∫
d4xeiq·x〈0|T{jµ(x)j†ν(0)}|0〉 , (1)
where jµ(x) is a current with the quantum numbers J
PC = 1+−:
jDsD¯
∗
s
µ =
i√
2
[
(s¯aγ5ca)(c¯bγµsb) + (s¯aγµca)(c¯bγ5sb)
]
, (2)
jD
∗
sD¯
∗
s
µ =
i√
2
[
(s¯aγ
αca)(c¯bσαµγ5sb)− (s¯aσαµγ5ca)(c¯bγαsb)
]
, (3)
for respectively DsD¯
∗
s and D
∗
sD¯
∗
s . Here a, b are color indices, and these currents keep closer
relations respectively with Zc(3900) and Zc(4025) [6, 11].
As Jµ(x) is not a conserved current, the two-point correlation function has two indepen-
dent Lorentz structures [29]:
Πµν(q) = −
(
gµν − qµqν
q2
)
Π1(q
2) +
qµqν
q2
Π0(q
2) , (4)
where the invariant functions Π0(q
2) and Π1(q
2) are respectively related to the spin-0 and
spin-1 mesons. In order to study the 1+− molecular state, Π1(q
2) was utilized.
The fundamental assumption of the QCD Sum Rules is the principle of quark-hadron
duality. Accordingly, on the one hand, the correlation function Π1(q
2) is obtained at the
hadron level where the mass and coupling constant of the hadron are introduced. It may
be calculated at the quark-gluon level, in which the Operator Product Expansion (OPE) is
employed.
On the hadron side, after separating out the ground state contributions from the pole
terms, the correlation function Π1(q
2) is obtained as a dispersion integral over a physical
regime,
Π1(q
2)=
λ2H
M2H − q2
+
1
π
∫ ∞
s0
ds
ρhH(s)
s− q2 , (5)
3
in which MH is the mass of DsD¯
∗
s or D
∗
sD¯
∗
s molecular state with J
PC = 1+−, and ρhH(s)
is the spectral density which contains contributions from the higher excited states and the
continuum states, s0 is the threshold of the higher excited states and continuum states, and
the coupling constant λH is defined by 〈0|jµ|Zcs〉 = λHǫµ, where Zcs is the lowset lying 1+−
DsD¯
∗
s or D
∗
sD¯
∗
s molecular state.
On the quark-gluon side, the correlation function Π1(q
2) can be expressed as a dispersion
relation:
ΠOPE1 (q
2) =
∫ ∞
(2mc+2ms)2
ds
ρOPE(s)
s− q2 +Π
〈g3sG
3〉
1 (q
2)
+ Π
〈s¯s〉2
1 (q
2) + Π
〈s¯s〉〈s¯Gs〉
1 (q
2) , (6)
in which ρOPE(s) = Im[ΠOPE1 (s)]/π and
ρOPE(s) = ρpert(s) + ρ〈s¯s〉(s) + ρ〈g
2
sG
2〉(s) + ρ〈s¯Gs〉(s)
+ ρ〈s¯s〉
2
(s) + ρ〈g
3
sG
3〉(s) + ρ〈s¯s〉〈s¯Gs〉(s) . (7)
Here Π
〈g3sG
3〉
1 (q
2), Π
〈s¯s〉2
1 (q
2) and Π
〈s¯s〉〈s¯Gs〉
1 (q
2) denote those contributions of the correlation
function which have no imaginary parts but have nontrivial values under the Borel transform.
It should be mentioned that in principle the four-gluon operator, the 〈g2sG2〉2, also belongs
to the dimension-eight condensate, however, in practice we find it is only 1% of the mixed
condensate 〈s¯s〉〈s¯Gs〉 in magnitude, and hence the four gluon condensate is neglected in the
evaluation of this work.
After making a Borel transform of the quark-gluon side:
ΠOPE1 (M
2
B)=
∫ ∞
(2mc+2ms)2
dsρOPE(s)e−s/M
2
B
+Π
〈g3sG
3〉
1 (M
2
B) + Π
〈s¯s〉2
1 (M
2
B)
+Π
〈s¯s〉〈s¯Gs〉
1 (M
2
B) . (8)
To consider the effects induced by the mass of the strange quark, terms which are linear
in the strange quark mass ms are utilized in the following calculations. For both the DsD¯
∗
s
and D∗sD¯
∗
s molecular states, we put the concrete forms of spectral densities in eq.(8) into the
Appendix.
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Performing the Borel transform on the hadron side (eq.(5)) and matching it to eq.(8),
the resultant sum rule for the mass of the hidden strange molecular state H with 1+− is:
MH(s0,M
2
B) =
√
−R1(s0,M
2
B)
R0(s0,M
2
B)
, (9)
where H represents the DsD¯
∗
s or D
∗
sD¯
∗
s molecular state and
R0(s0,M
2
B) =
∫ s0
(2mc+2ms)2
ds ρOPE(s)e−s/M
2
B +Π
〈g3sG
3〉
1 (M
2
B)
+Π
〈s¯s〉2
1 (M
2
B) + Π
〈s¯s〉〈s¯Gs〉
1 (M
2
B) , (10)
R1(s0,M
2
B) =
∂
∂M−2B
R0(s0,M
2
B) . (11)
3 Numerical Results
In the numerical calculation, the values of the condensates and the quark masses are
used as [29, 30, 31]: ms = (0.13 ± 0.03) GeV, mc(mc) = (1.23 ± 0.05) GeV, mb(mb) =
(4.24±0.06) GeV, 〈q¯q〉 = −(0.23±0.03)3 GeV3, 〈s¯s〉 = (0.8±0.2)〈q¯q〉, 〈g2sG2〉 = 0.88 GeV4,
〈s¯gsσ · Gs〉 = m20〈s¯s〉, 〈g3sG3〉 = 0.045 GeV6, and m20 = 0.8 GeV2. Here, the strange quark
mass is the current quark mass in a mass-independent substraction scheme such as MS at
the scale µ = mc, whereas the charm and bottom quark masses are the running masses in the
MS scheme. To provide greater clarity of choosing these parameters, the primary sources
for determining these parameters can be found in refs. [32, 33, 34].
To determinate the Borel parameter M2B and the threshold parameter s0, we used the
following limit constraints, which is the standard procedure for QCD Sum Rules analysis.
The sum rule parameter τ = 1/M2B is utilized in our analysis. In the QCD Sum Rules, for
choosing the threshold s0 and the parameter τ , there are two criteria [25, 26, 28]. First,
the convergence of the OPE is retained. Therefore, in order to determine their convergence,
one needs to compare the relative contributions of each term to the total contributions of
the OPE side. The second criterion to constrain the τ is that the pole contribution (PC),
defined as the pole contribution divided by the total contribution (pole plus continuum), is
larger than the continuum contribution. In order to safely eliminate the contributions of the
higher excited and continuum states, the PC is generally greater than 50% [28, 29].
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To find a proper value for
√
s0, we carry out a similar analysis as in ref. [35]. Since the
continuum threshold is connected to the mass of the studied state by the relation
√
s0 ∼
(MH + δ)GeV, where δ is about 0.6 GeV, various
√
s0 satisfying this constraint are taken
into account. Among these values, one needs then to find out the proper one which has an
optimal window for Borel parameterM2B . That is, within this window, the physical quantity,
here the molecular mass MH , is independent of the Borel parameterM
2
B as much as possible.
Through the above procedure one obtains the central value of
√
s0. However, in practice, in
the QCD Sum Rules calculation, it is normally acceptable to vary the
√
s0 by 0.1GeV [35],
which gives the lower and upper bounds and hence the uncertainties of
√
s0.
The OPE convergences are illustrated in fig.1 respectively for DsD¯
∗
s and D
∗
sD¯
∗
s . Com-
plying with the first criterion, the upper limit constraints of τ are τ ≤ 0.55 GeV−2 and
τ ≤ 0.40 GeV−2 with √s0 = 4.6GeV and √s0 = 4.9GeV.
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Figure 1: (a) OPE convergence in the region 0.30 ≤ τ ≤ 0.65 GeV−2 for the DsD¯∗s molecular
state with
√
s0 = 4.6 GeV, where τ = 1/M
2
B. (b) OPE convergence in the region 0.25 ≤
τ ≤ 0.50 GeV−2 for the D∗sD¯∗s molecular state with
√
s0 = 4.9 GeV. The black line denotes
the fraction of perturbative contribution, and each subsequent line denotes the addition of
one extra condensate, i.e., +〈s¯s〉 (red line), +〈g2sG2〉 (blue line), +〈gss¯σ · Gs〉 + 〈g3sG3〉
(red dotted line), +〈s¯s〉2 (blue dotted line). The vertical lines respectively denote the upper
limit constraints of the τ for DsD¯
∗
s and D
∗
sD¯
∗
s . The curve including the dimension-eight
contribution is defined as :(pert+ 〈s¯s〉+ 〈g2sG2〉+ 〈gss¯σ ·Gs〉+ 〈g3sG3〉+ 〈s¯s〉2 + 〈s¯s〉〈gss¯σ ·
Gs〉)/total. Hence the curve including dimension eight operator is just a straight line, and
we do not show it here.
The result of the PC is shown in fig.2, which indicates the lower limit constraint of τ .
Noting that the lower limit constraint of τ depends on the threshold value s0, for different
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s0, there are different lower limits of τ . To determine the value of s0, an analysis similar to
ref.[29] was carried out.
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Figure 2: (a) The relative pole contribution of DsD¯
∗
s state with
√
s0 = 4.6 GeV. (b) The
relative pole contribution of D∗sD¯
∗
s state with
√
s0 = 4.9 GeV. The black line represents the
relative contribution, whereas the red dashed line corresponds to the continuum contribution.
The vertical lines respectively denote the lower limit constraints of the τ forDsD¯
∗
s and D
∗
sD¯
∗
s .
The dependence of MH on the parameter τ in fig.3 with various
√
s0 is drawn where
the two vertical lines indicate the upper and lower limits of a valid Borel window for the
central value of
√
s0. For complete analysis, the Borel windows with various
√
s0 are listed
in table.1.
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Figure 3: (a) The mass of the DsD¯
∗
s state as a function of the sum rule parameter τ , for
different values of
√
s0. (b) The mass of the D
∗
sD¯
∗
s state as a function of the sum rule
paramter τ , for different values of
√
s0. The two vertical lines indicate the upper and lower
limits of a valid Borel window.
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Table 1: The lower and upper limit constraints of the Borel parameter τ for the DsD¯
∗
s and
D∗sD¯
∗
s molecular states with different values of
√
s0.
DsD¯
∗
s D
∗
sD¯
∗
s√
s0 (GeV) τmin (GeV
−2) τmax (GeV
−2)
√
s0 (GeV) τmin (GeV
−2) τmax (GeV
−2)
4.7 0.30 0.58 5.0 0.26 0.42
4.6 0.32 0.55 4.9 0.28 0.40
4.5 0.33 0.53 4.8 0.30 0.38
Eventually, the mass of the DsD¯
∗
s molecular state was determined to be:
M
DsD¯∗s
H = (3.98± 0.15)GeV , (12)
where the mass with the optimal stability was extracted with errors stemming from the
uncertainties of the quark mass, the condensates, the Borel parameter and the threshold
parameter
√
s0.
The central value for the mass of the DsD¯
∗
s molecular state is below that of the meson-
meson threshold Eth[DsD¯
∗
s ] ≃ 4.08GeV by 100 MeV, where the notation Eth[M1M2] repre-
sents the corresponding energy of the sum of the masses of the M1 and M2 mesons. There-
fore the DsD¯
∗
s(1
+−) molecular state forms a bound state, which predicts a hidden strange
charmonium-like state around 3.98GeV.
For the D∗sD¯
∗
s molecular state:
M
D∗s D¯
∗
s
H = (4.38± 0.16)GeV . (13)
The central value for the mass of the D∗sD¯
∗
s molecular state is above that of the meson-
meson threshold Eth[D
∗
sD¯
∗
s ] ≃ 4.22GeV by 160 MeV. Therefore, the D∗sD¯∗s(1+−) molecular
state forms a resonance, which predicts another hidden strange charmonium-like state around
4.38GeV.
It is important to compare our results with those obtained in refs. [6, 11]. The strange
quark effect is not huge, and since we take the similar constraints as in ref. [6], our result on
DD¯∗ agrees with ref. [6] in the massless limit for strange quark. But in D∗sD¯
∗
s case, even in
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the massless limit our result is 0.25 GeV higher than that in ref. [11] on D∗D¯∗. This is due
to the different constraint criteria between this work and [11].
Table 2: The effect of a on-vanishing strange quark mass in the molecular states DsD¯
∗
s and
D∗sD¯
∗
s .
√
s0(GeV) τmin(GeV
−2) τmax(GeV
−2) mass (GeV)
DsD¯
∗
s 4.6 0.32 0.55 3.98± 0.15
DD¯∗ 4.4 0.34 0.51 3.88± 0.18
D∗sD¯
∗
s 4.9 0.28 0.40 4.38± 0.16
D∗D¯∗ 4.7 0.31 0.40 4.29± 0.19
Ref. [32] systematically evaluated the masses of the tetraquark systems with various
quantum numbers and hidden-charm. The results for the hidden-charm and strange tetra-
quark state with JPC = 1+− are in the region of 3.92-4.34 GeV. Comparing to our results,
the masses of the molecular states in our calculation lie in 3.83-4.54 GeV, which covers
the tetraquark mass region. Since considerable errors exist, so far we think it is hard to
distinguish the underlying quark configurations of the tetraquark states and molecular states.
4 Summary
This work used the QCD Sum Rules to study the masses of theDsD¯
∗
s andD
∗
sD¯
∗
s molecular
states with quantum numbers JPC = 1+−. In our calculation, interpolating currents with
definite charge parity were employed, and the contributions up to dimension eight in the
Operator Product Expansion (OPE) were taken into account. The numerical results were
respectively (3.98 ± 0.15)GeV and (4.38 ± 0.16)GeV for the DsD¯∗s and D∗sD¯∗s molecular
states.
The central value of DsD¯
∗
s molecular state was below the corresponding meson-meson
threshold Eth[DsD¯
∗
s ] ≃ 4.08GeV about 100 MeV, which means that such molecular state
would be tightly bound. The reason for the relative large binding energy is that the current
in eq.(2) is local. Hence they do not represent a object with two mesons separated in space,
but rather compact one with two singlet quark-antiquark pairs. The central value of D∗sD¯
∗
s
9
molecular state was above that of its corresponding meson-meson threshold Eth[D
∗
sD¯
∗
s ] ≃
4.22GeV. Therefore, the D∗sD¯
∗
s molecular state with 1
+− may form a resonance.
In conclusion, considering the uncertainties, our results indicated that two hidden strange
charmonium-like states, which may be probed in future experiments, may exist in the energy
ranges of 3.83 ∼ 4.13 GeV and 4.22 ∼ 4.54 GeV.
To ascertain the hidden strange charmonium-like states through their decays, the fol-
lowing decay modes may be measured: e+e− → (ηc + ω) + η, e+e− → (J/ψ + η) + η and
e+e− → (J/ψ + f0(500)) + η for DsD¯∗s molecular state, and e+e− → (ηc + φ) + η, e+e− →
(J/ψ+ η′)+ η, e+e− → (J/ψ+ f0(980))+ η, e+e− → (hc+ η)+ η, e+e− → (hc+ f0(500))+ η
and e+e− → (D∗s + D¯∗s) + η for D∗sD¯∗s molecular state.
We suggest future experiments to search for these hidden strange charmonium-like res-
onances. The BESIII, Belle and BaBar and forthcoming BelleII and SuperB will facilitate
searching for such hidden strange charmonium-like resonances.
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Appendix
For the DsD¯
∗
s molecular state, the concrete forms of spectral densities in eq.(8) are
obtained as:
ρpert
DsD¯∗s
(s) =
3
212π6
∫ αmax
αmin
dα
α3
∫ 1−α
βmin
dβ
β3
F3(1− α− β)
[
(1 + α + β)F
− 2(α+ β)(3 + α + β)
]
,
ρ
〈s¯s〉
DsD¯∗s
(s) =
3〈s¯s〉
28π4
∫ αmax
αmin
dα
{
2msH2
(1− α)α −
∫ 1−α
βmin
dβ
αβ
F
[
[mc(1 + α + β)
(α+ β)
αβ
+ 2msαβ]F + 8msm2c
]}
,
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ρ
〈g2sG
2〉
DsD¯∗s
(s) = −〈g
2
sG
2〉
213π6
∫ αmax
αmin
dα
α3
∫ 1−α
βmin
dβ
β3
[
2αβ(α+ β)(1− 2α− 2β)F2
+
[
4msmcα
2β2(1 + α + β) + 3msmc(α
3 + β3)(1− α− β)(3 + α+ β)
− 2m2c(α + β)(1− (α+ β)2)(α2 − 2αβ + β2)
]F
+ msm
3
c(α + β)
2(1− α− β)(3 + α + β)(α2 − αβ + β2)
]
,
ρ
〈s¯Gs〉
DsD¯∗s
(s) =
〈gss¯σ ·Gs〉
27π4
∫ αmax
αmin
dα
{
2ms(H +m2c)−
1
α
(3mc +ms)H
+
∫ 1−α
βmin
dβ
[
3mc
2
F
α
+
1
α2
[
(2msα + 3mc(α + β))F − 3msm2cα
]]}
,
ρ
〈g3sG
3〉
DsD¯∗s
(s) =
〈g3sG3〉
214π6
∫ αmax
αmin
dα
α3
∫ 1−α
βmin
dβ
[
(1− (α + β)2)(2F + 4m2cβ)
− msmc(1− α− β)(3 + α + β)(α+ 6β)
]
,
ρ
〈s¯s〉2
DsD¯∗s
(s) =
〈s¯s〉2
28π2
[
4m2c − 3msmc
]√
1− 4m
2
c
s
,
Π
〈g3sG
3〉
DsD¯∗s
(M2B) =
msm
3
c〈g3sG3〉
213π6
∫ 1
0
dα
α4
∫ 1−α
0
dβ(α+ β)(1− α− β)
× (3 + α + β)exp
[
− m
2
c(α+ β)
M2Bαβ
]
,
Π
〈s¯s〉2
DsD¯∗s
(M2B) = −
msm
3
c〈s¯s〉2
24π2
∫ 1
0
dα
α
exp
[
− m
2
c
M2B(1− α)α
]
,
and the contribution from the dimension-eight condensate is obtained as:
Π
〈s¯s〉〈s¯Gs〉
DsD¯∗s
(M2B) =
mc〈s¯s〉〈s¯σ ·Gs〉
3× 28π2
∫ 1
0
dα
(1− α)α
[
12mc(1− 2(1− α)α)
+ 11ms(1− α)α+ m
2
c
(1− α)α
[− 24mc(1− α)α
+ ms(19(1− α)α− 6)
]]
exp
[
− m
2
c
M2B(1− α)α
]
.
Here, MB is the Borel parameter introduced by the Borel transformation, F(α, β, s) =
(α+ β)m2c − αβs, H(α, s) = m2c − α(1− α)s and the integration limits are given by αmin =
(1−√1− 4m2c/s)/2, αmax = (1 +√1− 4m2c/s)/2 and βmin = αm2c/(sα−m2c).
For the D∗sD¯
∗
s molecular state, the concrete forms of spectral densities in eq.(8) are
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obtained as:
ρpert
D∗s D¯
∗
s
(s) =
1
211π6
∫ αmax
αmin
dα
α3
∫ 1−α
βmin
dβ
β3
[
9
2
(1− (α + β)2)F − 2m2c(1− α− β)2(5 + α + β)
− 9msmc(α + β)(1− α− β)(3 + α+ β)
]
F3 ,
ρ
〈s¯s〉
D∗s D¯
∗
s
(s) = −3〈s¯s〉
28π4
∫ αmax
αmin
dα
{
2msH2
(1− α)α +
∫ 1−α
βmin
dβ
[[3mc(α + β)(1 + α + β)
α2β2
+
2ms
αβ
]F
− 4msm
2
c(5− α− β)
αβ
]
F
}
,
ρ
〈g2sG
2〉
D∗s D¯
∗
s
(s) =
〈g2sG2〉
213π6
∫ αmax
αmin
dα
α2
∫ 1−α
βmin
dβ
β2
[
2(α + β)(1− 2α− 2β)F2
+
2m2c(1− α− β)
αβ
[4(α4 + β4) + 6αβ(α2 + β2) + 4α2β2 + 7(α3 + β3)
+ 7αβ(α+ β)− 5(α2 + β2)]F + msmc
αβ
[9(α5 + β5) + 22αβ(α3 + β3)
+ 18(α4 + β4) + 25α2β2(α+ β) + 22αβ(α2 + β2)− 27(α3 + β3)
+ 12α2β2]F − 2m
4
c
3αβ
(α3 + β3)(1− α− β)2(5 + α + β)
− 3msm
3
c
αβ
(1− α− β)(α+ β)(α3 + β3)(3 + α + β)
]
,
ρ
〈s¯Gs〉
D∗s D¯
∗
s
(s) =
〈gss¯σ ·Gs〉
28π4
∫ αmax
αmin
dα
{
20msm
2
c −
msH
α(1− α)[1 + 18α(1− α)]−
9mcH
(1− α)α
+
∫ 1−α
βmin
dβ
[
mc
2α2β2
[2(α3 + β3) + 7αβ(α+ β)− 4(α2 + β2)− 4αβ]F
− ms(α + β)
αβ
F − msm
2
c
αβ
[(α2 + β2)− 2(α + β)]
]}
,
ρ
〈g3sG
3〉
D∗s D¯
∗
s
(s) =
〈g3sG3〉
213π6
∫ αmax
αmin
dα
α3
∫ 1−α
βmin
dβ
β3
[
3F
2
[1− (α + β)2](α3 + β3) +m2c(1− α− β)
× [4(α5 + β5) + 5αβ(α3 + β3) + 7(α4 + β4) + α2β2(α + β) + 4αβ(α2 + β2)
− 5(α3 + β3)]− 3msmc
4
(1− α− β)[6(α5 + β5) + 7αβ(α3 + β3)
+ 18(α4 + β4) + α2β2(α + β) + 3αβ(α2 + β2)]
]
,
ρ
〈s¯s〉2
D∗s D¯
∗
s
(s) = −〈s¯s〉
2
26π2
∫ αmax
αmin
dα
[
20(H−m2c) + 9msmc
]
,
12
Π
〈g3sG
3〉
D∗s D¯
∗
s
(M2B) =
〈g3sG2〉
3× 213π6
∫ 1
0
dα
α4
∫ 1−α
0
dβ
β4
[
m4c(1− α− β)2[(α5 + β5) + αβ(α3 + β3)
+ 5(α4 + β4)] +
9msm
3
c
2
(1− α− β)(α+ β)(3 + α + β)(α4 + β4)
]
× exp
[
− m
2
c(α + β)
M2Bαβ
]
,
Π
〈s¯s〉2
D∗s D¯
∗
s
(M2B) = −
3msm
3
c〈s¯s〉2
25π2
∫ 1
0
dα
1
(1− α)αexp
[
− m
2
c
(1− α)αM2B
]
,
Π
〈s¯s〉〈s¯Gs〉
D∗s D¯
∗
s
(M2B) =
〈s¯s〉〈gss¯σ ·Gs〉
3× 28π2
∫ 1
0
dα
[
− 20m
2
c
(1− α)α [1 + 12α(1− α)]
+
msmc
(1− α)α [8 + 45α(1− α)]−
120m4c
(1− α)αM2B
+
msm
3
c
(1− α)2α2M2B
[10
+ 57α(1− α)] + 30msm
5
c
(1− α)2α2M4B
]
exp
[
− m
2
c
(1− α)αM2B
]
.
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